Light emission in atomically thin heterostructures is known to depend on the type of materials, number and stacking sequence of the constituent layers. Here we show that the thickness of a two-2 dimensional substrate can be crucial in modulating the light emission. We study the layerdependent charge transfer in vertical heterostructures built from monolayer tungsten disulphide (WS2) on one-and two-layer epitaxial graphene, unravelling the effect that the interlayer electronic coupling has on the excitonic properties of such heterostructures. We bring evidence that the excitonic properties of WS2 can be effectively tuned by the number of supporting graphene layers.
2 dimensional substrate can be crucial in modulating the light emission. We study the layerdependent charge transfer in vertical heterostructures built from monolayer tungsten disulphide (WS2) on one-and two-layer epitaxial graphene, unravelling the effect that the interlayer electronic coupling has on the excitonic properties of such heterostructures. We bring evidence that the excitonic properties of WS2 can be effectively tuned by the number of supporting graphene layers.
Integrating WS2 monolayers with two-layer graphene leads to a significant enhancement of the photoluminescence response, up to one order of magnitude higher compared to WS2 supported on one-layer graphene. Our findings highlight the importance of substrate engineering when constructing atomically thin layered heterostructures.
The recently isolated monolayers of two-dimensional (2D) transition metal dichalcogenides provide an attractive material platform for exploring the fundamental physics of atomically thin semiconductors [1, 2, 3] , as well as exploiting their potential for applications in optoelectronics [4, 5, 6] , photonics [7] and fast, low-power electronics [8, 9] . Heterogeneous integration of 2D materials in vertically stacked monolayers enables the engineering of novel architectures, which offer a rich combination of optical and electronic properties not available in the individual constituents alone or their bulk counterparts. Interfacing transition-metal dichalcogenides (TMDs) with graphene has proved to be an extremely versatile approach for creating an impressive range of electronic and optoelectronic devices with varying complexity and functionality, such as field effect transistors [22] , photo-responsive memory devices [23] and ultrafast, high-gain photodetectors [6, 24, 29] . For example, flexible photovoltaic devices with an external quantum efficiency of 30% [10] as well as efficient light-emitting diodes with improved performance in terms of brightness, luminescence and reduced contact resistance [11] have been demonstrated for graphene/WS2/graphene heterostructures. The electronic and optical properties of TMDs/graphene 3 heterostructures are strongly dependent on the underlying substrate [12] and the graphene synthesis technique, with heterostructures reported on mechanically exfoliated graphene [10, 11] , graphene prepared by chemical vapour deposition (CVD) [17, 28] or epitaxial graphene grown on SiC [13, 21] . Compared to exfoliated or CVD synthesised graphene, epitaxial graphene on SiC holds a practical route for many applications (e.g., optoelectronics, quantum Hall effect metrology, and high speed electronics), given its compatibility with wafer-scale processing techniques, high carrier mobility, thickness uniformity and high quality over large area, without the need for postgrowth transfer. Although epitaxial graphene has proved to be an ideal platform for the CVD growth of several TMDs heterostructures with chemically pristine interfaces and high quality structural properties [12, 13, 21] , no attention is being paid to how the thickness of graphene affects the electronic and optical properties of heterostructures. Furthermore, the effect that the charge transfer across the interfaces has on the excitonic properties of heterostructures with varying number of graphene layers is yet to be elucidated. Previous synthetic approaches have mostly focused on optimizing the thickness, orientation and lateral size of the TMD layer on epitaxial monolayer graphene, showing substantial photoluminescence quenching [19, 21, 28, 29] and significant stiffening phonon modes due to strong interlayer coupling in these systems [19] . The different electronic structure of one-, two-, and thicker graphene layers suggests that the optoelectronic properties of graphene-based heterostructures can be affected by the graphene layer thickness, and we demonstrate this by studying the electronic and optical properties of heterostructures combining WS2 with one-layer (1LG) and two-layer graphene (2LG) on SiC. We show that the behaviour of photoexcited carriers changes drastically in monolayer WS2 supported on 2LG (2LG/1LWS2) compared to WS2 on 1LG (1LG/1LWS2) giving rise to novel excitonic effects, which are a direct result of interlayer charge transfer and associated work function 4 sensitivity to the thickness of graphene layers. The excitonic effects are evidenced by room temperature photoluminescence (PL) spectroscopy, directly correlated with scanning Kelvin probe microscopy (SKPM) and ab-initio calculations that evaluate the layer-dependent changes of charge transfer in WS2-graphene heterostructures.
Epitaxial graphene grown by Si sublimation on semi-insulating 6H-SiC (0001) has been used as a platform for WS2 growth. WS2 layers have been subsequently synthesised via a vapour transport method involving sulfurization of tungsten trioxide at 900°C [29] . Further details on the growth are presented in the Methods section. The morphology of WS2/graphene heterostructures investigated by scanning probe microscopy reveals individual islands of WS2, which are predominantly monolayer in thickness, with sporadic appearance of two-or more layer domains, mostly of triangular shape, with lateral sizes typically larger than 10 μm (Figure 1 ). of epitaxial graphene on SiC demonstrated that graphene is n-doped due to charge transfer from the buffer layer, with a higher carrier (electron) density for 2LG compared with 1LG, as shown by transport measurements in our previous studies [27, 33] .
To better understand the characteristics of the interaction between WS2 and 1 -2LG, as well as interpret our experimental findings, the heterostructures are investigated using density functional . As experimentally shown in Ref. [27] , W is strongly dependent on the substrate and environmental conditions. Therefore, we consider both the electronic charge transfer from the SiC substrate as well as adsorbates from the ambient by including effective surface charge densities placed below (nS, to model the surface charges on the substrate) and above (nA, to model the net charges of adsorbates) the graphene-WS2 layers. Overall charge neutrality of the system imposes a resulting net charge in our DFT simulations in the graphene-WS2 layers, nGW, given by nGW = -nS -nA, which corresponds to the number of carriers in the system (see Methods section for further details). We first evaluate the obtained difference in VH with respect to the pristine system (ΔVH) when only the substrate charges are included (black curves in Figure 2c -d). The changes in W correspond to the value of ΔVH in the vacuum region (z > 50 Å), and we find that this substrate induced charge transfer leads to a large reduction of W for 1LG, and to a lesser reduction for 2LG, in agreement 8 with the SKPM data in the previous section and Ref [27] . Every charged layer leads to significant changes in ΔVH and therefore W, which shows that the changes in W are due to charge transfer between layers in the whole stack. The black curves are perturbed little by the WS2 layer, which
shows that the change of W induced by the WS2 layer itself is only minor, and explains why the WS2 layer is largely transparent in the workfunction measurements (see Figure 1) . By transparency here we mean that the experimentally measured W corresponds largely to the one of the graphene substrate, modified only slightly by the presence of the WS2.
Having established a calculation method to relate W to the charge transfer, we can now use the experimental values of W to infer the net surface charge of the adsorbates, nA, when the sample is not in vacuum, as well as the resulting carrier concentration in the graphene-WS2 system. The resulting values are given in Table 1 (further details on the work function calculations are given in the SI section). Importantly, it can be seen that both with and without WS2 the 2LG system has a significantly higher carrier concentration than the 1LG system. Such a result was reported in Ref.
[27] for the graphene-only system, and our calculations show that such an increase of carrier density for 2LG is also found for systems covered with a layer of transition metal dichalcogenide.
The resulting potential profile in Fig. 2c -f with substrate and adsorbates charges (red curves) shows that the electric field is largely screened inside the WS2 layer, as can be seen by an approximately horizontal ΔVH in the WS2 in Fig. 2 , which reduces the total increase of ΔVH caused by the adsorbates. The overall change of W for 1LG/WS2 and 2LG/WS2 shown in Figure 1 is therefore due to both the screening effect and the changed number of surface adsorbates, which generally decreases with increasing number of layers (both graphene and WS2). [27] .
The band structures for the neutral free-standing system, as well as for the system including the SiC substrate and adsorbates as found in experiment, with the carrier concentrations given in Table   1 , are shown in Figure 3 . The WS2 states can be seen as additional bands below -1 eV and above +0.8 eV. While in the pristine systems (black curves) the graphene cone is always at EF, for the charged systems it shifts down in energy in accordance to the carrier concentration values for the graphene-WS2 system. We note that the charge-transfer induced electric field from adsorbates and
SiC substrate leads to a small bandgap opening in the systems with 2 layers of graphene. The full-width-at-half-maximum (FWHM) of the PL peak for 1LG/1LWS2 is 80 meV, whereas for 2LG/1LWS2, it is 80 meV for the trion and 20 meV for the neutral exciton, respectively. The PL map shows variations in intensity across the surface at several locations (two such locations are indicated by arrows in Figure 4a and 4b) , where the PL intensity appears enhanced with respect to the rest of the flake. Variations in PL peak intensity and position of 2D monolayers, such as MoS2 and WS2 have been observed before and attributed to several sources, such as inhomogeneous interaction with the substrate, doping by the trapped charges of the substrate, local defects in the flake and various edge configurations [30, 31] . However, these effects can be excluded in the present study as the surface potential measurements carried out on the same flake (Figure 4b ) exhibit the presence of 2LG patches under WS2, which show perfect correlation with the regions of increased intensity on the PL map. In addition, both surface potential and associated topography map (Figure 4c) show the presence of a small, triangular 2LWS2 region, which is correlated with a decreased PL signal relative to 1LWS2, and is consistent with the transition from a direct to an indirect band gap semiconductor [2, 30] . As expected, no PL signal from 1 and 2LG is observed on the region not covered by WS2 in the PL intensity map.
It has been reported that the PL of TMD monolayers on graphene or metal substrates is strongly suppressed due to a fast non-radiative recombination process, as a result of photo-generated charge carrier transfer to the metal or graphene due to strong inter-layer electronic coupling [21, 28, 29, 31] . However, it is interesting to note that the light emission of 2LG/1LWS2 is less suppressed than that of 1LG/1LWS2 as supported by our PL observations. Representative spectra extracted from the PL intensity map are displayed in Figure 4d . As expected, no PL signal is observed from the underlying 1LG. On 1LG, monolayer WS2 exhibits a broad emission peak (the A exciton peak) at ~1.92 eV (Figure 4e) , associated with the direct gap transition at the K point in the Brillouin zone [30] . Compared to 1LG/1LWS2, the PL intensity decreases for 1LG/2LWS2, consistent with the transition from a direct to an indirect band gap 13 semiconductor, and the peak position appears red-shifted by 20 meV. In contrast to 1LG/1LWS2, for 2LG/1LWS2 the PL intensity is significantly enhanced and the spectral shape modified such as the PL peak is defined by a superposition of two individual resonances. As illustrated in Figure 4f Since trions are created through the association of a neutral exciton with a free electron or hole, it is expected that the different carrier concentrations of 1 and 2LG can be associated with spatially inhomogeneous doping of WS2 by the underlying 1 and 2LG, which will therefore influence the relative population of neutral and charged excitons in the WS2 monolayer. These observations are consistent with previous reports, where the trion recombination has been evidenced on the basis of doping either via chemical methods [14] or electric-doping using a back gate [15, 32] to switch between neutral exciton PL and trion PL depending on the carrier density of the dichalcogenide monolayer. It is interesting to note, that on a cleaved graphite surface, monolayer WS2 exhibits a uniform, single excitonic photoluminescence peak, without charged or bound excitons at room or low temperature [18] .
DFT calculations detailed in the previous section and our previous transport measurements on similar graphene samples [27, 33] evidence that 1 and 2LG have different carrier densities, with 2LG consistently showing a higher carrier density compared to 1LG. A higher carrier density, and therefore a rich electron environment, is expected to correspondingly alter the exciton absorption 14 of WS2 and is consistent with the presence of trions associated with 2LG. Time-resolved ultrafast pump-probe spectroscopy showed that carriers in monolayer graphene indeed cause a change in the exciton resonance of monolayer WS2 resting on graphene due to effective screening of the electric field between electrons and holes in WS2 [20] . Therefore, photoexcited electrons and holes from WS2 can efficiently transfer to 1LG and combine non-radiatively near the Dirac point, giving rise to the quenched emission we observe. Moreover, most photocarriers injected in WS2 transfer to graphene in ~1 ps timescale, with near-unity efficiency, instead of recombining in WS2 [20] .
Our PL observations therefore suggest that the recombination in 2LG is less efficient compared to 1LG. If we consider the band structures of 1 and 2LG, one major difference is the presence of a small band gap in 2LG (see Figure 3b ) due to a small charge asymmetry between the two layers [35] , which can lead to a longer photocarrier decay time in this system. Indeed, time-and angleresolved photoemission spectroscopy measurements on epitaxial graphene on SiC (0001) confirm that photoexcited carriers last longer in the excited state in 2LG compared to the lifetime of carriers in 1LG [34] . The excited charge carriers in the innermost conduction band of 2LG decay through fast, phonon-assisted interband transitions, whereas the lifetime is increased for charge carriers at the minimum of the outermost conduction where they remain trapped due to the band gap [34] . It suggests that in 1LG/1LWS2 photoexcited carriers cascade down continuously and recombine, quenching the photoluminescence, whereas for 2LG/1LWS2, the photoluminescence is less suppressed due to the small band gap in 2LG and consequently longer decay time, so relaxation has to rely more on radiative emission in this case.
In conclusion, our results show that the excitonic effects in WS2-graphene heterostructures can be successfully tuned by the number of supporting graphene layers. As evidenced by combined SKPM measurements and ab-initio calculations, the work function of monolayer WS2 appears Photoluminescence spectroscopy maps were obtained using a Horiba Jobin-Yvon HR800 System, using a 532 nm wavelength laser (2.33 eV excitation energy) focused onto the sample through a 100x objective. Data were taken with a spectral resolution of (3.1 ± 0.4) cm -1 and spatial resolution of (0.4 ± 0.1) μm.
DFT calculations are performed using the SIESTA code [37] , within the local density approximation (LDA) for the exchange correlation. We use a double zeta plus polarization basis set, with cut-off radii set by an equivalent energy shift of 2.7 meV, which gives basis-orbitals with rather long cutoffs. The real space mesh is set by an equivalent cut-off energy of 2000 Ry, and we use a Fermi smearing for the occupation of the electronic states with a temperature set to 300 K. For the graphene-WS2 heterostructure we use a supercell that extends over 5x5 primitive unit cells of graphene, and 4x4 primitive unit cells of WS2, as illustrated in Fig. 2(a) and S1 in the SI for a 2LG/1LWS2 system. In the graphene-WS2 supercell we fix the graphene lattice constant to its experimental value of 1.42 Å, which results in a small in-plane strain of the WS2 layer of ~ 2.5% when compared to the experimental lattice, and we fix the interlayer distance between graphene layers to the experimental value of 3.354 Å. The distance between graphene and WS2 calculated including van der Waals forces was taken from Ref. [39] to be 3.52 Å. In order to decouple periodic images of the slab we add a vacuum of at least 90 Å perpendicular to the plane of the layers. The coordinate system is defined in such a way that the x-y plane spans the plane of the layer, while the z direction is orthogonal to it. Since the charge transfer across the layers leads to a dipole field, we add a compensating dipole correction along z to eliminate the spurious electric field in the vacuum region resulting from the use of periodic boundary conditions, so that the potential in the vacuum region is constant. The charge transfer across the individual layers depends sensitively on the graphene density of states (DOS) around EF, it is therefore important to use enough in-plane k-points to sample this DOS appropriately. We verified that using 16x16 k-points the potential is converged for the considered systems. In our calculations we use twice that value, namely 32x32 k-points.
Since typical molecules and layered materials bind at a distance of about 3-5 Å from the graphene, we assume the surface charges to be equally spread over such a region. While for specific molecules or substrates such distances can vary, the qualitative trends of our model will hold independently of the specific distance used. For graphene samples on SiC analogous to the ones studied here, a carrier density of nGW ≈ -10 13 cm -2 was measured in vacuum [27, 33] (the negative sign is chosen to reflect the n-type character of graphene), so that nS= -nGW ≈ 10 13 cm -2 (nA ≈ 0 in vacuum). Since the value is approximately the same for 1LG and 2LG in our experiments [27] , with nGW =9.2 ×10 12 cm -2 for 1LG, and nGW =1.1 ×10 13 cm -2 for 2LG, we keep it constant in all our simulations. The exact used value for simulations is nGW= 0.95 ×10 13 cm -2 , which corresponds to a substrate charge of nS = 0.125 e (e is the absolute value of the electron charge) per supercell.
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